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Abstract. The WITCH experiment (Weak Interaction Trap for CHarged particles) will search for exotic
interactions by investigating the β-ν angular correlation via the measurement of the recoil energy spectrum
after β decay. As a first step the recoil ions from the β− decay of 124In stored in a Penning trap have been
detected. The evidence for the detection of recoil ions is shown and the properties of the ion cloud that
forms the radioactive source for the experiment in the Penning trap are presented.
PACS. 23.40.Bw Weak-interaction and lepton (including neutrino) aspects – 29.30.Aj Charged-particle
spectrometers: electric and magnetic – 37.10.Ty ion trapping
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1 Introduction
In the Standard Model description of the weak interac-
tion only two out of five theoretically possible terms are
included in the V −A Hamiltonian [1]. Although this still
provides a good description of the experimental data to
date, exotic scalar or tensor type currents have not fully
been excluded [1]. To determine the contributions of the
various possible terms in the Hamiltonian, correlation co-
efficients in β decay are often measured [2,3,4,5,6,7,8,
9,10]. The β-ν angular correlation coefficient, a, has been
addressed several times in the past because of its high sen-
sitivity to these exotic weak currents [11,12,13,14,15,16,
17,18,19,20,21,22]. Since measuring the correlation be-
tween the directions of emission of the β particle and the
neutrino by directly observing the neutrino is impossible,
a is commonly inferred from a measurement in which the
recoiling nucleus is observed. The WITCH experiment [16]
was set up at ISOLDE/CERN to measure the recoil ions
after β decay and to determine the β-ν angular correlation
from the spectral shape of their energy spectrum.
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2 Experimental set-up
Most of the recent β-ν correlation experiments observe
the β particle and the recoil nucleus in coincidence (see
e.g. [13,14,19,20]). At the WITCH experiment, the β-ν
angular correlation coefficient a will be derived from the
shape of the recoil energy spectrum alone. This can be
done with high statistics using different isotopes indepen-
dent of their chemical properties1 [16]. Thus, systematic
effects and potential experimental artefacts can be stud-
ied in detail. The initial goal is to reach a sensitivity of
∆a < 0.5%, comparable with the best individual existing
experiments. However, as the typical nuclear recoil ener-
gies after β decay are only of the order of 100 eV, inelastic
scattering of the recoiling particles in the source is of con-
cern. In order to avoid the latter the radioactive ions are
stored in a Penning trap [23]. For the measurement of the
recoil energy spectrum WITCH uses an electromagnetic
retardation spectrometer with magnetic adiabatic colli-
mation [24,25]. An overview of the set-up is shown in fig.
1. The radioactive ions obtained from ISOLDE, CERN
[26] are first bunched and cooled in the REXTRAP cooler
and buncher Penning trap [27]. They are passed on to the
WITCH experiment where they are first decelerated from
an energy of 30 keV to several 100 eV with the help of
1 A limitation in the choice of the isotope is the complexity
of its decay and therefore the ease with which the recoil energy
spectrum can be interpreted.
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Fig. 1. Schematic overview of the WITCH set-up and its en-
vironment. Radioactive ions received from ISOLDE are cooled
and bunched in REXTRAP, sent into the WITCH horizontal
beamline (HBL), decelerated in the vertical beamline (VBL)
and injected into a first Penning trap. After cooling and, if
necessary, mass selective purification of the ions in this cooler
trap they are transferred to a second Penning trap where the
stored ion cloud serves as scattering free source for the exper-
iment. Both Penning traps are placed within a 9 T solenoid.
The magnetic field decreases smoothly towards the analysis
plane at 0.1 T to adiabatically collimate the recoil momentum
parallel to the magnetic field lines with the magnetic gradient
force. In the analysis plane this axial energy of the recoil ions
is probed by a retardation potential. Recoil ions with sufficient
axial energy to pass the retarding potential are accelerated
with up to −10 kV and focussed with an Einzel lens onto a
position sensitive MCP detector where they are counted. For
more details see ref. [16].
a pulsed drift tube (PDT, [28]) before they are injected
into the first of two Penning ion traps in a magnetic field
of 9 T, the cooler trap of WITCH. In this trap the ion
cloud is cooled by helium buffer gas and mass selectively
purified [29,30]. The ions are then transferred to the sec-
ond Penning trap, the decay trap, in which they are held
either until they decay or until the trap is emptied for a
subsequent measurement cycle. The decay trap is sepa-
rated from the cooler trap by a differential pumping bar-
rier to provide a scattering free source. It was operated at
a depth of ≈ 8 V for the measurements presented in the
following. The recoil ions are emitted isotropically in the
decay trap and in general have a maximum kinetic energy
of O(100 eV). Those recoil ions from β decay with an axial
energy that is larger than the depth of the decay trap will
leave the trap and move from the high magnetic field of
9 T in the decay trap into the weak magnetic field of 0.1 T
at the analysis plane where an electric retarding potential
Uret is applied. Due to the magnetic gradient force most
of the energy of the particles is in the longitudinal com-
ponent once they reach the weak field region and thus can
be probed there by the retardation potential. This is the
principle of a MAC-E filter [24,25], which is used at other
experiments to determine the neutrino mass by observ-
ing the β decay of tritium [31,32]. All ions that cross the
retardation barrier are detected with a 47 mm diameter
position sensitive microchannel plate detector [33,34]. To
achieve a good detection efficiency the ions are accelerated
with up to −10 kV between the analysis plane and the de-
tector. An Einzel lens focusses the accelerated ions onto
the detector. By varying the retardation potential Uret an
integral energy spectrum of the recoil ions is obtained.
3 Test case: 124In
In the past few years the WITCH set-up has been ex-
tensively tested and optimized [35,36]. In order to test
the operation of WITCH and to measure a first recoil en-
ergy spectrum an isotope which decays via beta-minus
decay and which has a low ionization potential, 124In,
was chosen. Indium has a very low ionization potential
(ΦIn = 5.8 eV), which prevents losses from the decay trap
caused by charge exchange with rest gas (ΦHe = 24.6 eV,
ΦN = 14.5 eV, ΦO = 13.6 eV). The Q-value of the β
−
decay of 124In is 7360 keV. The highest recoil energy of
Erec = 196 eV stems from decays to the first excited state
at 1131.6 keV, since no decay occurs to the ground state.
This excited state decays within less than 1 ps to the
ground state. The recoil due to the emitted γ particle
increases the maximum recoil energy to Emax = 267 eV.
As a complication, 124In has an isomer, 124mIn, with an
excitation energy of 50 keV. The β decay with the highest
Q-value also occurs to excited states only, with the lowest
state at 4838 keV, resulting in a maximum recoil energy
of 123 eV and 268 eV including the γ recoil. The half-lives
of the two Indium isomers are t1/2(
124mIn) = 3.7 ± 0.2 s
and t1/2(
124In) = 3.11± 0.10 s. 124In is produced in large
amounts at ISOLDE (> 108 ions/s). Thus, potentially
still low efficiencies at WITCH do not pose a problem.
Furthermore, the β− decay of the singly charged 124In
ions stored in the decay trap will lead to predominantly
doubly-charged positive ions and thus offers a count rate
higher by an order of magnitude in comparison to beta-
plus decay, for which the daughter of the decay of singly
charged ions will be neutral and one has to rely on shake-
off to get charged recoil ions2.
Both Indium isomers have a complex decay scheme
and produce a high γ ray background, which caused dis-
charges in the combined electric and magnetic fields of the
spectrometer and the acceleration section. Therefore, the
acceleration and focussing electrodes had to be operated
at voltages significantly below their design values, leading
to some transmission losses of the ions. As another con-
sequence the retardation spectrometer could not be used
2 After the β− decay of neutral atoms typically about 10% of
the daughter ions will be accompanied by one shake-off electron
(see e.g. [38]). For the simple estimate above it is assumed that
this is also the case for the decay of singly charged ions. This
will be investigated in detail in the future.
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as intended due to discharges at the main spectrometer
electrode. Instead, the Einzel lens behind the main spec-
trometer electrodes, which is normally only used to focus
the ions onto the detector, was used as a temporary retar-
dation electrode. Both changes with respect to the design
parameters of WITCH were acceptable for a first mea-
surement of recoil ions but naturally prevented a precise
measurement of their energy spectrum. Off-line measure-
ments after the Indium measurement with a γ ray source
(60Co) at the place of the ion cloud confirmed that these
discharges were indeed due to a high γ background [36]
and therefore are expected to be absent with an isotope
with lower γ multiplicity.
For the first measurement of recoil ions the Penning
traps were operated in a magnetic field of Btrap = 6 T
with a depth of Utrap ≈ 8V . The magnet for the definition
of the B-field in the analysis plane was set to B = 0.1 T,
resulting in a field in the center of the Einzel lens that
was used as temporary retardation electrode of BEinzel ≈
0.01 T.
4 Results
4.1 Recoil ions from β decay in the decay trap
The first measurement performed was an on-off measure-
ment for which the retardation voltage was switched be-
tween two extreme values: Uret = 0 V (off ), letting all re-
coil ions pass, and Uret = 200 V (on), by far large enough
to retard all recoil ions from the β− decay of singly charged
124In, which are at least doubly charged. A significant de-
crease of the count rate at the moment of the switching
from off to on then indicates the presence of positive par-
ticles of low energy, i.e. ions. The measured count rate
throughout this measurement cycle is shown at the top
of fig. 2. The cycle starts when the ions are injected into
the cooler trap. After 1.5 s they are transferred to the de-
cay trap. Note that some ions were not captured in the
decay trap and ended up on the detector, explaining the
momentary increase in count rate at 1.5 s. In the off-on
mode the retardation was switched on after 2.4 s. The
curve marked off-off in fig. 2 shows the count rate for the
mode where the retardation potential was not switched
but otherwise used the same measurement cycle. As ex-
pected, switching the retardation voltage Uret on results
in a much lower count rate. The difference is attributed
to ions with E/q < Uret = 200 V and a signal to noise
ratio of about 4:1. The off-off measurement was derived
from 60 trap loads and the off-on measurement from 90
trap loads. Each had 95 time steps with 50ms per step.
The ions that hit the detector at 1.5 s caused a significant
dead time of the detector during almost a second as can
be seen from the variation of the count rate between 1.6 s
and 2.4 s after the start of the measurement cycle in fig. 2
(top); see also [34] for more details.
The pulse heights obtained from the detector during
both measurement periods are shown at the bottom of
fig. 2. The exponentially decreasing pulse height distri-
bution (PHD) observed during the retardation on period
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Fig. 2. Top: Count rate throughout the measurement cycle
during an off-on measurement. For the case off-on the retar-
dation was switched on at time t = 2.4 s, leading to a clear drop
in count rate as the recoil ions are being reflected by the re-
tardation potential (see text for details). Bottom: Pulse height
distributions (PHD) obtained from the MCP detector during
an off-on measurement. An exponentially shaped pulse height
distribution is characteristic for β particles, a bell shaped dis-
tribution for ions. For retardation off both components are
visible, for retardation on just the background contribution,
which has the shape expected for β particles. The difference of
the two exhibits the shape expected for ions. Comparing the
PHD for retardation on with that on the outer rim of the de-
tector for retardation off clearly shows that the background is
consistent with β particles and that the ions are focussed to-
wards the center of the detector and are absent at higher radii
(see also fig. 3).
(Uret = 200 V) is consistent with the PHD caused by
β particles as observed in off-line tests. The additional
bell-shaped distribution during the retardation off period
(Uret = 0 V) is consistent with the PHD of ions on mi-
crochannel plates [33].
Besides the PHDs also the spatial distribution of the
events on the detector was measured. It shows a pro-
nounced peak in the center of the detector when both the
ion and the β particle component are visible during the off
measurement (Uret = 0 V, fig. 3, top). In contrast, only a
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flat component with a narrow peak remains when the re-
tardation is switched on (Uret = 200 V) and no ions from
the β decay of the 124In in the decay trap will reach the
detector (fig. 3, bottom). The pronounced wide peak with
retardation off can be described by the focussing of re-
coil ions from the trap onto the detector (fig. 4, top). The
narrow peak for retardation on is due to radioactive ions
that were shot onto the detector upon transfer and their
decay on the MCP surface. The flat backgound across the
full detector can in both cases be attributed to β particles
from decays in the decay trap (fig. 4, bottom). This is con-
firmed by the pulse height distribution of the events in the
outer rim (r > 1.7 cm) of the detector in fig. 2 (bottom
panel), which has exactly the same exponential shape as
the pulse height distribution for the events observed with
the retardation on (Uret = 200 V) when only β particles
can reach the detector.
A fit of the half-life (see table 1) of the exponential
decrease of the count rate when the radioactive ions are
inside the decay trap and the retardation is off, shows that
the half-life is consistent with that of a mixture of 124In
and 124mIn and that, except for the radioactive decay, no
significant loss of ions occurs during the 2.4 s measurement
period.
In summary, the difference of the observed count rates
for the retardation potential on and off shows that low
energy positive particles are detected. Their PHD shows
that these particles are ions. The position distribution,
especially in conjunction with the tracking simulations,
further shows that these ions are consistent with ions from
the decay trap. Together with the analysis of the half-life
this confirms that these are recoil ions from the β decay
of 124g,mIn in the decay trap, which are accompanied by
a diffuse background of β particles.
4.2 First recoil ion energy spectrum with WITCH
In order to obtain a first recoil energy spectrum with
WITCH the retardation potential was scanned in 23 steps
during each trap load with a step size of 10 V and a step
duration of 100 ms (fig. 5). Provided that there are no
losses of ions from the decay trap this measurement cycle,
for which all retardation voltages are scanned during one
trap load, starting at t = 0 s with Uret = 0 V, implicitely
takes care of the normalization. As a consequence, in the
analysis any such measured spectrum has to be corrected
for the half life due to the decay during the measurement.
Such a measurement cycle also implies that the abscissa in
fig. 5 corresponds to time as well as retardation potential.
Since the singly charged 124In and 124mIn ions decay
via β− decay the recoil ions are at least doubly charged
(qmin = 2). Therefore, without any additional energy broad-
ening, a retardation potential of Uret = Emax/qmin =
98 V is sufficient to retard all recoil ions and constitutes
the theoretical endpoint of the recoil energy spectrum (as
indicated in fig. 5). In this case all events measured above
this voltage are background due to β particles from the
β decay. In practice, both Doppler broadening due to γ
decay in flight and thermal Doppler broadening due to a
retardation off
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Fig. 3. Measured position distribution on the detector for re-
tardation off (Uret = 0 V, top) and retardation on (Uret =
200 V, bottom). The off distribution shows both ions and β
particles, the on distribution β particles only, execpt for the
center where decays of ions were measured that were deposited
on the detector during the loading of the decay trap due to
non-optimal trapping efficiencies. The black circle denotes the
extent of the detector with diameter 47 mm. Figure 4 shows
the simulated position distribution for comparison.
non-vanishing kinetic energy of the radioactive ions in the
decay trap will result in some events above the theoretical
endpoint energy, as is visible in fig. 5. The γ ray broad-
ening will lead to an endpoint of Emax,γ = 267 eV and
Uret,γ = Emax,γ/qmin = 134 V. The distribution of the
kinetic energy in the decay trap is unknown for this In-
dium measurement, but the average kinetic energy in the
trap can be estimated to O(eV) based on the trap poten-
tial necessary to trap all ions. This will result in a ther-
mal Doppler broadening of O(20 eV), i.e. an additional
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Fig. 4. Simulated position distribution of recoil ions (top) and
β particles (bottom) from the decay trap on the detector. In
contrast to fig. 3 (top) the simulated distribution of the recoil
ions does not include β particles. The black circle denotes the
extent of the detector. To arrive at these distributions micro-
scopic tracking simulations of recoil ions and β particles from
a cylindrical ion cloud with constant density were performed
from the decay trap to the detector. The electrode potentials
were those used during the measurements. The simulations are
for an ion cloud radius of 3 mm, for ions of charge state q = 2+
and spectra corresponding to a = −1/3 using the maximum
endpoint energies.
increase of the retardation voltage up to which recoil ions
can be detected of O(10 V). In addition to the minimal
charge state qmin = 2 also higher charge states q may
be present, when taking electron shake-off into account.
They contribute to the spectrum below Uret = Emax/q
accordingly.
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Fig. 5. Measured integral energy spectrum for the recoiling
ions from the β decay of 124g,mIn. The retardation voltage was
scanned from 0 V to 220 V in steps of 10 V for this first mea-
surement of a recoil spectrum at WITCH. At each step the
number of events is measured for 100 ms. The spectrum con-
sists of the sum of 500 trap loads, i.e. each data point has an
effective measurement time of 50 s. The raw data are shown,
i.e. the exponential decay has not been unfolded (squares).
The data points are connected by a line to guide the eye. For
comparison a calculated recoil energy spectrum is shown for
the lowest expected charge state qmin = +2 and for the max-
imal Q-value possible (dashed line). The calculation includes
the exponential decay as well as a Gaussian broadening to ap-
proximate the thermal Doppler broadening due to high kinetic
energies of the decaying parent in the trap and the Doppler
broadening due to γ decays of the excited daughter state in
flight. The constant background, which in this representation
decreases with the decay constant of the 124In-decay, is also
shown (dotted line). At low retardation voltage the data over-
shoot this simple calculation significantly. This may be ex-
plained by ions of higher charge states q, which are created
due to electron shake-off, and which increasingly contribute at
lower retardation voltages according to Umax(q) = Emax/q.
Close to the theoretical endpoint at Emax = 196 eV, i.e.
Umax = Emax/qmin = 98 V, the data overshoot the calculation
somewhat, showing that a more complex model is needed to
correctly describe the data. The effects leading to deviations
from the calculations still have to be understood in detail and
have to be minimized for future measurements.
An in-depth analysis of the measured recoil spectrum
is not possible due to several experimental artifacts: i.)
non-ideal acceleration and focussing potentials because of
discharges in the acceleration section and at the detector
caused transmission losses. ii.) the ions which were shot
directly onto the detector caused a significant dead time
of the detector, different for the different times in the mea-
surement cycle. iii.) for this first measurement of a recoil
energy spectrum just a few retardation steps were taken.
They are not sufficient for fitting all free parameters.
After the measurements with 124In additional mea-
surements were performed with a β and a γ source each
in the center of the decay trap (viz. 90Sr and 60Co). These
resulted in mostly flat spectra [36], i.e. totally different
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spectral shapes than the one shown in fig. 5, confirming
that the ions measured with 124In in the decay trap were
not caused by spurious effects but stem from β decays in
the decay trap [36].
4.3 Properties of the ion cloud in the decay trap
Besides the confirmation of the observation of recoil ions
from the decay trap several experimental parameters which
influence the performance and the achievable sensitivity of
WITCH can be deduced from the above measurements.
These are i.) the half-lives of the decaying isotopes and
their storage time in the decay trap, which yield infor-
mation about the proper operation of the trap, ii.) the
number of ions in the ion cloud, which, together with the
signal-to-noise ratio, is important for the statistics of the
measurement and therefore the achievable sensitivity of
WITCH, iii.) the size of the ion cloud, which influences
the size of the image of the recoil ions on the detector and
iv.) the alignment of the whole set-up from the traps to
the detector.
4.3.1 Half-life and losses from the ion cloud
The count rate during the measurement of one trap load
with constant retardation potential should show a de-
crease corresponding to the half-life of the isotope inves-
tigated. In the present case a mixture of 124In and 124mIn
is measured and the observed half-life is determined by
their relative abundance in the ion cloud. An additional
decrease of the count rate beyond what is expected from
the half-life of the radioactive decay would be a sign of a
loss of ions from the decay trap and would lead to signif-
icant systematic uncertainties3 for the recoil energy spec-
trum for the measurement cycle discussed above.
Table 1 shows the experimentally determined decay
constants for the off-on and off-off measurements shown
in fig. 2 for the signals coming from the cooler trap in the
first 1.4 seconds as well as from the decay trap in the last
1.65 seconds of the measurement cycle.
The four measured decay constants are consistent with
each other and result in a weighed average of λ¯ = 0.188±
0.003 s−1, corresponding to a half-life of t1/2 = 3.69 ±
0.06 s and an abundance of 124gIn (λ = 0.223± 0.008 s−1)
to 124mIn (λ = 0.187±0.011 s−1) of 0.03±0.33. Note that
due to the large uncertainty of the literature values of the
half-lives this cannot be determined with high precision.
The experimental decay constant of λion = 0.182 ±
0.004 s−1 for the case when ions dominate the count rate
(first line in table 1) is consistent with the shortest pos-
sible decay constant from 124In, i.e. λ(124mIn) = 0.187±
3 For example any loss of ions from the trap would lead to
a lower efficiency for high recoil energies than for low recoil
energies due to the measurement cycle used. This would induce
a change of the shape of the recoil energy spectrum and thus
of the β-ν angular distribution that is extracted from it.
Table 1. Fits of the exponential decay N(t) = Noe
−λt for the
off-on and off-off measurements of fig. 2 (top panel). In the
time interval [0s,1.4s] the events stem from decays in the cooler
trap, in [1.5,4.7] from decays in the decay trap. Events from the
decay trap were only evaluated in the interval [3s,4.7s], when
the MCP had recovered from the dead time caused by the ions
that were shot onto it during the transfer to the decay trap. The
measurement off-on in [3s,4.7s] consists of background only (β
particles according to PHD and position distribution), since all
recoil ions will be reflected by the retardation potential. The
measurement off-off in [3s,4.7s] consists of both signal (ions)
and background (β particles). All four regions should show the
decay constant of a mixture of the two Indium isomers. The
uncertainties shown are statistical only.
Meas. Region No[1/50ms] λ [s
−1] χ2/ν
off-off [3s,4.7s[ 18020 ± 260 0.182 ± 0.004 0.98
off-on [3s,4.7s[ 5340 ± 230 0.205 ± 0.012 2.5
off-off [0s,1.4s] 6635 ± 37 0.195 ± 0.007 1.5
off-on [0s,1.4s] 9749 ± 71 0.201 ± 0.010 3.7
0.011 s−1, consistent with zero losses from the trap. A con-
servative upper limit on the losses from the decay trap can
then be calculated to be 1/No dNDT /dt < 0.026 s
−1(CL =
99.5%), i.e. less than 2.6% per second4.
4.3.2 Number of ions in the ion cloud
A high source strength, i.e. a high numberNDT of radioac-
tive ions that are stored in the decay trap, is important
to reach low statistical uncertainties. From the normaliza-
tion constants No(on) and No(off), which give the event
numbers in an interval of 0.05 s, follows the initial count
rate in the MCP, dNMCPdt = 3650 ± 80 s
−1 (at t = 1.5 s,
the time of the filling of the decay trap), per trap load.
This count rate is related to the initial number of ions in
the decay trap NDT as
dNMCP
dt
= ǫΩ · ǫTrans · ǫMCP · λion ·NDT (1)
with λion = 0.182±0.004 s
−1 the decay constant measured
for the ions, ǫΩ = 0.5 for the solid angle of the decays
emitted into the forward direction, ǫTrans = 0.56 ± 0.05
the transmission probability for doubly charged recoil ions
from the decay trap (depth of ≈ 8V ) to the detector, es-
timated from simulations for an ion cloud radius of 2 mm
(see sect. 4.3.3), and ǫMCP = 0.523 measured for a com-
parable MCP [33] and close to the open area ratio of 0.55,
4 At a later time a test measurement with Argon (ΦAr =
15.8 eV) was performed. As with the Indium the Argon was
cooled by Helium buffer gas in the cooler trap. In contrast
to the measurements with Indium the Argon showed a rapid
charge exchange in the cooler trap with an overall half-life
of ttot1/2(
35Ar) ≈ 8 ms while the half-life for the β decay is
t1/2(
35Ar) ≈ 1.78 s. This shows that improvements of the rest
gas levels in the traps are still needed for the measurement of
elements with high ionization potential.
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i.e. the ratio of the area of the MCP covered by chan-
nels to the area in between the channels, which defines
the sensitive area of an MCP. The probability for the cre-
ation of the different charge states does not need to be
included since the measurement was done at zero retarda-
tion voltage and all charge states could in principle reach
the detector.
Using these numbers results in an average trap load of
NDT = (1.4± 0.2) · 10
5 Indium ions5. This is a reasonable
source strength for test measurements but is an order of
magnitude smaller than the design value of 106 ions per
trap load. Thus, several features of the set-up still have to
be optimized for a precision measurement, as e.g. the in-
jection efficiency into the cooler trap, which was measured
to be just ≈ 20% for this initial experiment.
4.3.3 Size of the ion cloud
The size of the ion cloud in the decay trap is one of the
factors that determine whether all recoil ions are focussed
onto the detector and what their spot diameter on the de-
tector is. The decay trap was operated in box trap mode,
i.e. the endcap electrodes were at the trapping potential
(≈ 8 V) and the inner electrodes all at the same low po-
tential (0 V), leading to a longitudinal ion cloud size of
≈ 100 mm. The radial extent of the ion cloud can be in-
ferred from the size of the ion spot on the detector by
a comparison with tracking simulations for different ion
cloud sizes. Figure 6 shows the comparison of the simu-
lated spot sizes with the measured one. For the simula-
tion a cylindrical ion cloud of homogeneous density was
assumed6. The comparison results in an estimate of the
ion cloud radius in the range [1.7 mm, 4.3 mm]. This is
larger than the radius of the differential pumping barrier
of 1.5 mm, which determines the initial maximal size of
the ion cloud. The simulated position distributions for the
ions and the β particles for a radius of 3 mm are shown
in fig. 4.
4.3.4 Signal to noise ratio
The ion cloud size also determines the signal to noise ra-
tio, since in the ideal case all recoil ions are focussed onto
the detector whereas the number of β particles that hit
the detector decreases with increasing ion cloud size be-
cause electrons with higher starting radii have a smaller
probability of hitting the detector and will eventually not
hit the detector anymore. The signal to noise ratio can be
extracted from the fit results shown in table 1. For the
off-on measurement the normalization constants for the
signal region are No(on) = 5340 ± 230 for 90 trap loads
5 Higher charge states will have a lower escape probability
from the decay trap (i.e a lower ǫTrans). However, since they
contribute only at the 10− 20% level, this has been neglected
for this estmate.
6 A detailed model for realistic density distributions at differ-
ent trap potentials and number of ions still has to be developed.
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Fig. 6. FWHM of the simulated position distribution of ions
on the detector as a function of the size of the ion cloud in
the decay trap. The shaded area marks the FWHM of the
experimental position distribution. Comparing both yields a
radius of the ion cloud in the range [1.5 mm, 4.3 mm]. The
simulations are for ions of charge state q = 2+ and use a recoil
spectrum with the maximum endpoint energy only.
and No(off) = 18020± 260 for 60 trap loads, yielding a
signal to noise ratio of S/N = 4.06± 0.23.
The background can be further subdivided into back-
ground from β particles, which are distributed across the
full detector surface, and background due to decays on
the detector surface of those ions that were shot onto the
detector upon transfer, which appear as a peak close to
the center of the detector (on measurement, fig. 3, bot-
tom panel). These two contributions can be separated by
counting the events outside and inside a circle centered
around the strongly peaked maximum in the position dis-
tribution during the on measurement. Inside a circle of
radius7 7.5mm are 15670 and outside 15283 events. When
the β background of 15670 events is extrapolated to radii
< 7.5mm this results in a total number of events due to
β particles of 16605 for the full MCP area and a num-
ber of events due to decays on the detector of 14347. This
means that ≈ 46% of the background are due to decays on
the detector. Using this fraction to correct both the back-
ground and the signal count rates for the off measurement
the signal to noise ratio can be S/N ≈ 5.2, assuming that
the trapping efficiency is improved and no radioactive ions
get shot onto the detector.
4.3.5 Alignment traps-detector
As already mentioned, the narrow peak for the on distri-
bution in fig. 3 (bottom) in the center of the detector cor-
responds to the decay of radioactive ions that were shot
onto the detector due to a trapping efficiency < 100%.
This peak can be used as a measure of the alignment and
focussing properties of the WITCH set-up: The ions were
shot through the differential pumping barrier, which is me-
chanically centered along the axis of the traps. The ions
7 The radius of the MCP detector is 23.6mm.
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have dominantly longitudinal kinetic energy, travel paral-
lel to the B-field and see a cylindersymmetric electric field,
since they fly close to the symmetry axis.
The spot of the ions is located at a distance of ∆r =
2.2± 0.1 mm from the center of the detector. With a dis-
tance of 2.644 m between the center of the decay trap
and the detector this corresponds to an angle of 0.047◦±
0.002◦.
5 Conclusion
The WITCH experiment has been set up at ISOLDE to
measure the recoil energy spectrum after β decay, from
which the β-ν angular correlation will be determined for
a search for scalar weak interaction. In a first measure-
ment with the radioactive ions 124In and 124mIn it has
been shown that recoiling ions from the Penning trap can
be efficiently detected, thus demonstrating the experimen-
tal principle. Especially, up to 105 ions have been stored in
one trap load in the decay trap with losses from the trap
consistent with zero during the time necessary for a mea-
surement. The radius of the ion cloud was estimated to be
in the range [1.5 mm, 4.3 mm]. The recoil ions from the
β decays in the trap were transmitted through the spec-
trometer and focussed onto the detector consistent with
simulations for the settings used during the measurement.
It was shown that the events detected are recoil ions and
a first recoil ion energy spectrum was measured in coarse
steps and with a signal-to-noise ratio of S/N = 4, which
can still be improved.
After having observed recoil ions at WITCH, the set-
up is now being further improved and systematic effects
are being studied in preparation of a precise determina-
tion of the β-ν-angular correlation coefficient a. The ex-
perimental improvements include the elimination of dis-
charges in the spectrometer and the reacceleration sec-
tion, increasing the efficiencies of the traps, that do not
capture all ions but let some get transmitted onto the de-
tector, and the reduction of charge exchange of stored ions
with high ionization potential. For this purpose a number
of spectrometer electrodes have been remachined, all elec-
trodes have been electropolished, a new set of Penning
traps has been installed, all materials incompatible with
the desired UHV conditions have been removed and get-
ter vacuum pumps based on non-evaporative getter have
been installed.
For a precision analysis of the recoil spectrum the sys-
tematic problems of the set-up have to be understood as
well. To this end, simulations for the traps and the spec-
trometer (see e.g. [37]) as well as test measurements are
ongoing. In addition, physics effects like the charge state
distribution after β decay (see e.g. [38,39]) and the decay
of a potentially unstable daughter in flight will be inves-
tigated in the future.
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